Mutants resistant to 2-amino-3-(methylthio)butanoic acid (thiaisoleucine) were selected from a non-mating, nonsporulating brewing strain of Saccharomyces carlsbergensis after treatment with N-methyl-N'-nitro-Nnitrosoguanidine. One closer studied mutant, C77-T70 had a threonine deaminase activity which was less sensitive to L-isoleucine than that of the parent strain. The inhibition with varying concentrations of L-isoleucine showed that part of the activity was as sensitive as that of the parent strain, suggesting that the mutant is heterozygous for a dominant change in the structural gene for threonine deaminase. Of twelve mutants selected on 25 mM-thiaisoleucine all are believed to have undergone a change similar to that of C77-T70, since their threonine deaminase activity was partly resistant to 1 mM-L-isoleucine like that of C77-T70. Four such mutants were compared to the parent strain for the production of fusel alcohols during aerobic growth in minimal medium. The synthesis of 2-methyl-1 -butanol (D-amyl alcohol) was 2-5 times higher in the mutants than in the parent strain, while the syntheses in the mutants of 3-methyl-l-butanol (isoamyl alcohol) and 2-methyl-lpropanol (isobutanol) were similar or slightly reduced compared to the level found in the parent strain.
INTRODUCTION
One of the major obstacles to the crossbreeding of brewing strains of yeast is that they are usually impaired in sporulation and/or mating. Also attempts to do breeding on single brewing strains by mutation are usually met with severe difficulties, since most of the strains are diploid or polyploid.
In a situation like that, one possibility is to isolate dominant mutants. Since dominant mutations are much more rare than recessive ones, this approach is no general solution to the breeding problem, but could be of value in special cases.
In Saccharomyces cerevisiae one class of mutants resistant to the amino acid analogue Abbreviations: GLC = gas-liquid chromatography, YPG = yeast extract peptone glycerol, YPD = yeast extract peptone dextrose thiaisoleucine have a threonine deaminase (EC 4.2.1.16) which is altered to have activity in the presence of high concentrations of L-isoleucine (1). This leads to overproduction of L-isoleucine, which may be the cause for resistance of the cells to thiaisoleucine. Such mutants would be expected to be dominant, since the mutant enzyme should be able to cause overproduction also in the presence of wild type enzyme. The biosyntheses of isoleucine, valine and leucine have special interest for the brewer, since several flavor/off-flavor compounds in beer are formed from intermediates in the biosyntheses of these amino acids (Figure 1 ). Threonine deaminase has particular importance, since it may have a regulatory role for the synthesis of other enzymes in the pathways.
This paper describes the isolation from a nonmating, non-sporulating brewing strain of S. carlsbergensis of mutants resistant to thiaisoleucine. Some characterization of the mutants was carried out, especially regarding their threonine deaminase.
MATERIALS AND METHODS

Thiaisoleucine
The systematic name of this compound, CH3SCH(CH3)CH(NH2)COOH, is 2-amino-3-(methylthio)butanoic acid, but it is usually referred to as thiaisoleucine, since it may be regarded as isoleucine in which the CH2 group has been substituted by a sulfur atom.
The only description of its synthesis is by McCogo et al. (11) . Since the synthesis starts with symmetric compounds, the product must be a racemic mixture, but it has not been determined whether it is the DL-allo-mixture, the DL-threo-mixture or a mixture of all four forms. Biologically, thiaisoleucine seems to act as an analogue of both L-isoleucine (17) and Lthreonine (6) .
A small amount of thiaisoleucine was obtained commercially (Sigma no. T-6259, DL-4-thiaisoleucine). However, because of the amounts needed, it was also synthesized in this laboratory as described below. In a quantitative test of its inhibitory effect on threonine deamin-ase, the synthesized product had an activity indistinguishable from that of the commercial preparation.
The following procedure is essentially that of MCCORD et al. (11) with the exception that 2-phenyl-4-ethylidene-5-oxazolone was synthesized by a slight modification of a more recent, better yielding procedure (13) than that of CARTER et al. (5) .
Sodium acetate (88 g, Merck no. 6268) was dried at 160~ for 16 hours, cooled, mixed with 250 g of hippuric acid (Merck no. 296) and placed in a two liter flask. Redistilled acetic anhydride (500 ml) was added and the flask was placed in ice and equipped with a reflux condenser cooled at 2~
With occasional shaking, acetaldehyde was distilled into the mixture through a second, oblique condenser by heating a mixture of 300 ml paraldehyde (Fluka no. 76260) and 3 ml concentrated sulfuric acid until about 50 ml were left. The reaction mixture was left at 25~ for 16 hours, heated with reflux for 2 hours and left at 25~ for 20 hours. Again 250 ml of paraldehyde were converted to acetaldehyde and distilled into the mixture as described above, and the mixture was refluxed for 2 ~ hours, cooled and poured into 5 liters of cold water. The precipitate (330 g pressed wet weight) was washed with water and 84 g of orange, partially pure 2-phenyl-4-ethylidene-5-oxazolone were recovered by one crystallization from 400 ml of methanol and dessication over sulfuric acid. Mp. 86-92~ (literature 93-96~ (13) and 95-96~ (5)).
Fifty grams of this compound were treated with methanethiol (Fluka no. 67778) in the presence of sodium methoxide as described by McCORD et al. (11) , but scaled up. Fortynine grams of the reaction product melting at 72-75~ were recovered by crystallization from ethanol at -20~ in 16 hours. McCORD et al. state this product to be 2-benzamido-3-(methylthio)butanoic acid, but it might seem to be the methyl ester of the acid.
A small amount of this product was hydrolyzed to thiaisoleucine and the benzoic acid removed as described by MCCoRD et al. (11) . We could not get the thiaisoleucine hydrochloride to crystallize from the suspension in benzene described by McCORD et al. Therefore, in a second preparation, instead of adding benzene to the oily acid residue containing the hydrochloride, this was diluted with distilled water, titrated to neutrality with sodium hydroxide and brought to dryness. From the amount of sodium hydroxide used, the percentage of sodium chloride in the powdered residue was calculated to be 35. The rest was thiaisoleucine as judged from its biochemical activity being equal to that of the commercial product. The powder was used as thiaisoleucine correcting for its content of sodium chloride.
Strains, media and growth of cultures
The parental strain was a brewing strain of S. carlsbergensis used in a previous study (7) . With standard techniques, we have failed to observe mating and sporulation of this strain. Mutants were derived as described below. Media have been described (7, 9) . Growth in liquid cultures was with shaking at 30~ unless stated otherwise.
Isolation of mutants resistant to thiaisoleueine
Treatment of cells with 0.7 ~M-N-methyl-N'-nitro-N-nitrosoguanidine was as described (9) . Then the cells were washed twice in 3 mM-EDTA, pH 6.5, suspended and diluted in the same buffer, and different dilutions were plated directly onto minimal medium containing different concentrations of thiaisoleucine as will be indicated, Colonies were picked, single colonies reisolated and suspensions retested for resistance to thiaisoleucine on minimal plates with a paper strip containing 3 mg of the drug placed perpendicularly onto the streaks of cells.
In the selection and retesting of thiaisoleucine resistant mutants residual growth of sensitive cells was often a problem, especially when cells had been densely seeded on a plate. Evidently sensitive cells help one another to overcome the action of the drug, whether this be due to metabolization of the drug, leakage of isoleucine, or some other mechanism.
Cell free extracts
Cells were harvested and washed in cold 0. I M-Tris-HCI, pH 7.7 by centrifugation. The pellet was suspended in three times its volume cold 25% (v/v)glycerol, 1 mM-EDTA, 10 m~l-dithiothreitol, 0.5 M-Tris-HCI, pH 7.7 (buffer A). The suspension was mixed with an equal volume of glass beads (diameter 0.5 mm) and agitated in a Braun-Melsungen MSK II homogenizer for I minute at 2,000 rpm with cooling. The homogenate was cleared by centrifugation in the Sorvall SS-34 rotor at 20,000 • for 10 minutes at 0~ and the supernatant frozen and stored at -70~
Permeabilization of cells with toluene
The following is a modification of the procedure of MAGEE and HEREFORD (10). Cells were harvested and washed as above and 2.109 cells were suspended in 3.5 ml buffer A + 0.1 mM-pyridoxal-5-phosphate on ice. Half a ml toluene was added and the mixture was agitated on a whirlimixer for 30 seconds and incubated at 30~ for 2 minutes. After cooling in ice the cells were pelleted at 27,000• for 5 minutes, suspended in 2 ml buffer A and stored at -70~
Enzyme assay
The assay for threonine deaminase was carried out spectrophotometrically in l ml samples at 23~ using the coupled assay described by DE ROBICHON-SZULMAJSTER and MAGEE (14) . The sample was 5-30 1Jl of cell free extract or of toluene treated cells, as stated. Lthreonine was present at 25 mM unless otherwise stated.
Extraction and gas-liquid chromatographic (GLC) analysis of D-amyl alcohol, isoamyl alcohol and isobutanol from yeast cultures
Cells were grown in 250 ml synthetic minimal medium in a shaking water bath at 20~ to late exponential or early stationary phase. The cells were removed by centrifugation (10,000 • g for 15 minutes)and duplicate 50 ml samples of supernatant medium extracted once with 2 ml and four times with I ml of redistilled chloroform. Extractions were done at 0~ in order to minimize evaporation of the alcohols. The 5 extracts from each of the two culture supernatant samples were combined and concentrated to 150-200 ~l by a stream of nitrogen. Two aliquots (1-2 ral) from each of the two combined extracts were then quantitated by GLC. The amounts of alcohols were taken as the means of the four determinations.
GLC analysis was performed with a HewlettPackard 5840A series gas chromatograph with a flame ionization detector. A coiled stainless steel column, 1520 • 3.2 mm, containing 0.2 % Carbowax 1500 on Carbopack C 80/100-mesh (Supelco) was used. The following temperature program was employed: Isothermal at 80~ for 12 minutes, then an increase to 95~ with 3~ 9 min -I. The final temperature was maintained for 40 minutes. The peaks were identified using authentic standards (Merck no. 806031, 979 and 984).
In order to calculate the absolute amounts of D-amyl alcohol, isoamyl alcohol and isobutanol in the cell culture the gas chromatograph was calibrated according to the methods of NETTING and BARR (12) Chloroform extraction of aqueous standard solutions containing known amounts of the three alcohols was almost 100 % efficient for o-amyl alcohol and isoamyl alcohol. The extraction of isobutanol was less efficient (about 750), probably because the partition of isobutanol was less in favor of the organic phase. A portion of the alcohols was lost during concentration of the extracts. When two solutions of 5 ml chloroform containing known amounts of the three alcohols were concentrated to 185 and 72 ~ 1, the following recoveries were obtained: D-amyl alcohol 71.0 and 68.4%, isoamyl alcohol 74.3 and 71.6%, isobutanol 44.6 and 35.4%. No corrections were made for losses during extraction or concentration of the extracts when calculating the total amounts present in the media.
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RESULTS
Thiaisoleucine resistant mutants
Cells treated with 0.7 pM-N-methyl-N'-nitro-N-nitrosoguanidine to a survival of 10% (27 minutes treatment) were washed and plated on minimal medium containing 25 mM-or 5 mMthiaisoleucine (own preparation) at different cell densities.
After 2 to 3 days at 30~ colonies began to appear on thiaisoleucine. We isolated the 31 largest colonies appearing on a 25 mM-thiaisoleucine plate seeded with 4.107 cells. They were reisolated for single colonies on YPG plates and retested towards thiaisoleucine. Fourteen were found to be resistant, one was scored as sensitive like the parent strain, and the rest were intermediate or doubtful. Cells from the same mutagenized population were also plated on YPG medium and 20,000 colonies were replicated to minimal medium in search for auxotrophic mutants. None were found.
Four presumptive mutants were isolated in a previous experiment after a four times heavier mutagen treatment by selection on 5 mMthiaisoleucine (Sigma).
Mutants have an altered threonine deaminase
The parent strain and the four presumptive mutants selected on 5 mM-thiaisoleucine were grown on minimal medium with L-leucine (60 mg. l -t) and harvested in exponential phase (<107 cells and buds per ml). The threonine deaminase activities of extracts were determined with L-isoleucine present at different concentrations. The results for the parent strain and one mutant called C77-T70 are given in Figure 2 . The three other mutants did not differ from the parent strain and were not further analysed. The data show that the threonine deaminase activity of the mutant is less sensitive to the inhibition by L-isoleiacine than that of the parent strain. Our interpretation is that the mutation is in the cerevisiae called ilvl) and that the resistance to thiaisoleucine is due to an increased intracellular concentration of L-isoleucine caused by the lower feed-back inhibition. The shapes of the curves have two notable features. First, the shoulders at 0.1 mM may be interpreted as cooperative binding of L-isoleucine, which seems comparable in the mutant and the parent. Secondly, the shape of the curve for the mutant is indicative of the enzyme activity consisting of (at least) two components one of which is as sensitive to Lisoleucine as the activity of the parent strain, whereas the rest is much more resistant. A likely interpretation is that the mutant contains one mutant allele coding for an L-isoleucine resistant enzyme and one or a few wild type alleles. When the 14 retested mutants selected on 25 mM-thiaisoleucine were obtained, 12 of them were investigated for the action of L-isoleucine on their threonine deaminase activity as follows. Cultures of the parent strain, the 12 new mutants and C77-T70 were grown on YPD to stationary phase, harvested, and treated with toluene (cf. Materials and Methods, 2.5). The threonine deaminase activity of tile permeabilized cells was determined in the presence of 1 mM-L-isoleucine and compared to that found without L-isoleucine (Table I ). The threonine 
Further characteristics of threonine deaminase from C77-T70 and the parent strain
Threonine deaminase of S. cerevisiae is an allosteric enzyme, which interacts with L-valine and L-isoleucine in addition to its substrate and to which a simple Km can not be assigned. However, an apparent Km can be determined in the presence of 10 mM-L-valine (14) . Since the enzyme of S. carlsbergensis is expected to be very similar, we chose the apparent Km in the presence of L-valine as another parameter to compare the enzyme activities in the two strains ( Figure 3) . The plots are linear within experimental error and lead to an apparent Km of 7.11 mM (standard error 0.28) and 6.40 mM (standard error 0.29) for parent strain and mutant, respectively. The two values are not significantly different (0.05 <P<0.1).
As a further comparison between the threonine deaminase activities of C77-T70 and the parent strain, the specific activities of a few extracts were compared. No dramatic differences were found (Table II) . We have not investigated whether the slightly lower value for the mutant is significant. For the parent strain, the somewhat higher value after growth in the presence of L-leucine was expected (3). The mutant seems to show the same effect. 
Inhibition by thiaisoleucine of threonine deaminase of the parent strain
The threonine deaminase activity of an extract of the parent strain was determined in the presence of different concentrations of thiaisoleucine (Figure 4 ). It was a less effective inhibitor than L-isoleucine on a molar basis and did not show the sigmoid pattern indicative of cooperative binding of the latter. 
Formation of fnsel alcohols
The increased synthesis of L-isoleucine, which we believe takes place in the mutants, might be expected to cause an increased formation of Damyl alcohol (cf. Figure 1) .
The parent strain and four of the mutants presented in Table I were grown to different cell densities and the amounts of D-amyl alcohol, isoamyl alcohol and isobutanol in the culture medium were determined by GLC analysis. Because of the low amounts of these alcohols which are found with the growth conditions used (shaking in minimal medium), it was necessary to subject the culture supernatants to extractions with chloroform and determine the amounts of the alcohols in the chloroform phase after evaporation of most of the chloroform. Figure 5 illustrates the GLC patterns of two cultures of the parent strain grown to different cell densities, as well as a culture of mutant C77-T70. The results of the GLC analysis are given in Table III . From the results obtained with the parent strain and the mutant strain C77-T70 it appears that the concentrations of isobutanol and o-amyl alcohol in the culture medium increase with increasing cell density, while the concentration of isoamyl alcohol is more or less unchanged. Although this complicates a comparison between the strains, we wish to draw the main conclusion that the levels of oamyl alcohol found in the mutant strains are increased 2-to 5-fold as compared to the parent strain. The increased levels of o-amyl alcohol in the mutants are also evident when comparing the ratios of o-amyl alcohol to isoamyl alcohol.
DISCUSSION
We have selected mutants resistant to thiaisoleucine after mutagen treatment to a survival of 10 % of a non-mating, non-sporulating brewing strain of S. carlsbergensis. This treatment did not give any auxotrophs among 20,000 colonies tested, consistent with the assumption that the strain is diploid or of higher ploidy. One thiaisoleucine resistant mutant, C77-T70, isolated early in this study, was investigated in more detail than the others. This mutant, as well as all tested mutants selected on 25 mm-thiaisoleucine, had a threonine deaminase activity which was less sensitive to inhibition by L-isoleucine than was the activity of the parent strain. In this respect, these mutants are analogous to the two thiaisoleucine resistant mutants MAR33 and TIR-9 isolated by BETZ et al.
(1) from haploid laboratory strains of S. cerevisiae. However, the inhibition curve of the enzyme activity of C77-T70 (Figure 2 ) is different from that found by Betz et al. for their haploid mutants. First, we do not find a peak of activation of the enzyme at very low e-isoleucine concentrations, neither in C77-T70 nor in the parent strain; only a shoulder is seen. We have not investigated whether this is due to a small endogenous amount of L-isoleucine or e-valine in the crude extract, or whether it reflects a real difference between the enzymes of the brewing strain and the laboratory strains. Secondly, the curve for C77-T70 is indicative of the activity consisting of at least two components, one of which has a sensitivity to e-isoleucine similar to that of the parent strain, whereas the rest is more resistant. This behavior was expected, since we anticipated the thiaisoleucine resistant strains to be heterozygous in the structural gene for threonine deaminase for a dominant mutation responsible for the drug resistance. However, it is probably of no avail to analyse the curve for the question whether the brewing strain is diploid or has a higher ploidy. One reason is that the biosynthetic threonine deaminase -in S. cerevisiae and all other organisms investigated -is a multimer and we do not know what behavior to expect from an enzyme molecule consisting of both mutant and wild type monomers.
We believe that the mutants are changed in the structural gene for threonine deaminase, but it should be kept in mind that this notion is based a) The ratio of D-amyl alcohol/isoamyl alcohol is given with the standard deviation estimated from four determinations on the GLC (cf. Materials and Methods, 2.7.). b) nd = not detected.
on enzyme measurements of crude extracts and permeabilized cells and not on a chemical characterization of the pure enzyme. The analogous mutant MAR33 in S. cerevisiae maps in or close to ilvl, which is a well studied locus believed to be the structural gene for threonine deaminase (2) .
We found a threonine deaminase inhibition curve with thiaisoleucine quite dissimilar to that obtained with L-isoleucine. A likely interpretation is that thiaisoleucine does not act on threonine deaminase as an isoleucine analogue but binds in some other fashion. On threonine deaminase from Escherichia coli thiaisoleucine seems to act as a threonine analogue, i.e. binding in the active site (6) . This may be true in yeast as well. The mechanism of growth inhibition by thiaisoleucine is not known. The primary target of the drug is not necessarily threonine deaminase, since it affects other important enzymes as well (17) .
SCHULTHESS and ET/LINGER (l 5) have described a mutant of a haploid strain of S. cerevisiae with a feedback resistant a-isopropyl malate synthetase which forms three times as much isoamyl alcohol in minimal medium as does the wild type strain. Our data show a similar effect of the altered threonine deaminase activity on the formation of D-amyl alcohol.
Whether the mutants could have any value as brewing strains remains to be seen. It is not known whether the increased synthesis of Damyl alcohol will be found in fermentation of wort. The levels we found of the fusel alcohols in the culture supernatant from the parent strain are much lower than found in beer (8) . From a practical point of view, an even more interesting question is whether the level of diacetyl in the beer would be affected by the mutations. We consider this possibility since threonine deaminase may have a direct role in regulating the synthesis of the other enzymes in the pathway (2) and this would in turn determine the amounts of a-acetolactate and diacetyl (4) .
